Heterogeneity in unsaturated soils and sediments is well known to exist at diff erent scales, from microscopic scale to macroscopic scale. Characteriza on of diff erent types of heterogeneity in deep vadose zones is challenging because of the usual lack of informa on at such sites. In this paper, we considered a site with detailed geological, chemical, and hydraulic proper es measurements throughout an approximately 16-m deep vadose zone consis ng of unconsolidated, alluvial deposits typical for the alluvial fans of the eastern San Joaquin Valley, California. At the agricultural site, data were also available for a 7-yr long fi eld fer liza on experiment that we used to independently es mate the amount of nitrate stored within the vadose zone at the end of the experiment. Simple mass balance calcula ons were performed and compared to six conceptually diff erent two-dimensional and three-dimensional vadose zone numerical models that were implemented to represent varying degrees of hierarchical details of heterogeneity. Despite widely diff ering structure and heterogeneity of unsaturated fl ow, all models resulted in a narrow range of es mated nitrate storage in the deep vadose zone for near-cyclically repeated water and nitrogen fer lizer applica ons. Simulated nitrate storage was found to be approximately six to eight mes larger than the measured storage at the fi eld. Simulated nitrate variability, while qualita vely similar in pa ern, was considerably lower than measured, despite the large simulated hydraulic variability. This study underscores that physical heterogeneity of deep vadose zones may have limited eff ects on the transfer of conserva ve contaminants applied repeatedly to the land surface. It also raises ques ons about our understanding of the chemical fate of nitrate in the vadose zone; and suggests the presence of a signifi cant immobile moisture domain within the deep vadose zone that is not explainable by heterogeneity of Richards equa on parameters, yet needs to be considered for simula ng nitrate transport under condi ons of cyclical infi ltra on with gravity dominated convec ve fl ux.
Fer lizers, salts, and pes cides continue to be a major source of nonpoint-source pollution in agricultural areas. Our knowledge of vadose zone properties is essential to assess the long-term impacts of nitrogen fertilizer management practices on groundwater quality, especially in agricultural groundwater basins of California and similar semiarid regions where irrigation return fl ow is a major component of recharge to local groundwater systems. Th e threat of nitrate to the groundwater of the Central Valley of California has recently been highlighted by the United Nations, in a national study, and in a California study (United Nations, 2011; Dubrovsky et al., 2010; Harter et al., 2012) . Th e understanding of processes in the deep vadose zone is a critical factor in designing effi cient nutrient management protocols (Ling and El-Kadi, 1998) . Th ese protocols aim to enhance agricultural production while protecting groundwater from nitrate contamination.
A considerable amount of research has been applied to study the nitrogen mass balance in the root zone (e.g., Lafolie et al., 1997; de Vos et al., 2000; Allaire-Leung et al., 2001; Stenger et al., 2002) . Nitrogen budgeting in the root zone has been widely used in agronomy to determine the fate of N in soils and the potential for N leaching to groundwater. It is commonly thought that the vadose zone below the root zone acts as a limited buff er zone where nitrate is partially or fully attenuated by denitrifi cation before reaching groundwater. Contrarily, non-uniform, heterogeneous fl ow with low-resistance fl ow paths in the vadose zone might occur and have been thought to expedite nitrate leaching in the deep vadose zone and accelerate nitrate arrival to groundwater (Ünlü et al., 1990; Simunek et al., 2003; Baran et al., 2007) .
Long-term fate of nitrate in wellcharacterized, deep, unsaturated heterogeneous alluvial sediments is simulated with several Richards' equa on-based fl ow and transport models (determinis c and stochasc). Results consistently overes mate field-measured nitrate calling into question the appropriateness of these models.
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Th e eff ect of fate and transport processes in the vadose zone below the root zone on nitrate leaching to groundwater is still not adequately quantifi ed. Spatial variability in the deep vadose zone below the root zone is rarely characterized or mostly unaccounted for in most groundwater quality assessment studies, due to costs and technical diffi culties in sampling heterogeneous soil, and in monitoring deep nitrate over long temporal scales. However, few studies have been guided by and compared to actual, extensive fi eld data from a deep vadose site (Rockhold et al., 1996; Seong and Rubin, 1999) .
We have described a deep vadose zone fi eld research site that is ideally suited for testing various heterogeneity models and their associated transient, long-term fl ow and transport predictions against actually measured two-and three-dimensional profi les Harter et al., 2005) . Our project site is a former orchard on the alluvial fan of the Kings River in the eastern San Joaquin Valley, Fresno, CA. Th e orchard was subject of a long-term, 12-yr fi eld scale nitrogen fertilizer experiment. Spatial variability of the site is well characterized throughout the 16-m deep vadose zone (Botros et al., 2009 ) and the site is typical of many alluvial basins in California. Data from the fertilizer experiment, site characterization, and description of the hydraulic parameters heterogeneity are found in Onsoy et al. (2005) and Botros et al. (2009) and are the foundation for the model development presented in this paper.
Th e intensive fi eld sampling campaign employed by Onsoy et al. (2005) showed that the stored nitrate mass (based on 1200 soil core samples) below the root zone is, fi rst, highly variable, and second, much lower than expected from agronomic water and root zone nitrogen mass balance considerations. Th at led to the hypothesis that, given the strong heterogeneity observed at the site, signifi cant preferential or non-uniform fl ow paths might have occurred, facilitating accelerated nitrate movement through the deep vadose zone to the water table with much lower N mass left behind in the vadose zone. Denitrifi cation as the main cause for low vadose zone N storage was not supported as measured data did not indicate that a signifi cant gradient existed in the vertical N mass profi le nor was a signifi cant increase in 15 N composition found with depth .
To test the hypothesis that heterogeneity is a primary control on nitrate transport and occurrence and to better understand the role of heterogeneity in nitrate transport through a deep alluvial vadose zone, we describe the development of six diff erent conceptual modeling approaches using fi ndings of statistical and geostatistical analysis of hydraulic parameters performed recently (Botros et al., 2009) . We compare various conceptual models of heterogeneity in both, twodimensional and three-dimensional simulation domains.
Specifically, we (i) evaluate the impact of spatial variability observed at the site at two scales-lithofacies and local scale-on variations in water fl ow conditions and on nitrate distribution in the deep vadose zone, (ii) test the hypothesis that the stronger heterogeneity leads to lower observed nitrate mass in the deep vadose zone through more non-uniform flow and accelerated transport, and (iii) test if the Richards equation can provide such non-uniform fl ow paths under conditions of infi ltration with gravity/pressure gradient dominated convective fl ux.
Th is paper is structured as follows. Th e Site Description section gives a brief description of the site and highlights the main fi ndings of our sampling analysis. Th e Model Development section provides mathematical background on the fl ow and solute transport in the unsaturated zone. Th e Model Application section explains the main elements in the development of the diff erent conceptual models. Th e Results section then presents the results of these different conceptual models, the Discussion section discusses the results, and the Conclusion section summarizes the study and highlights main conclusions.
Site Descrip on
Details of the fi eld site characterization eff orts have been described in Harter et al. (2005) and in Onsoy et al. (2005) . Briefl y, the site is a former orchard of 'Fantasia' nectarines, about 0.8 ha (2 acres) located at the University of California, Kearney Agricultural Center, (http://www.uckac.edu, accessed 2 Oct. 2012), on the Kings River alluvial plain, 30 km southeast of Fresno, CA. As in many other surrounding areas, over the past four decades groundwater levels at the orchard have fl uctuated between approximately 11 m and 21 m below the surface with an average thickness of the unsaturated zone of approximately 16 m. Th e site elevation is 103 m above sea level and has a semiarid, Mediterranean climate.
From 1982 until 1994, a fertilizer experiment was conducted in a random block design to 14 diff erent subplots at the site with application rates of 0, 110, 195, 280, or 365 kg N ha −1 yr −1 in several replicates (Johnson et al., 1995) . In 1997, three subplots within the 0, 110, and 365 kg N ha −1 yr −1 treatments were selected for sampling. For convenience, the three subplots are named throughout the text as "control," "standard," and "high," respectively. Between July and October 1997, 62 undisturbed continuous soil cores were drilled to the water table at a depth of 15.8 m and soil samples were collected for the analysis of nitrate and hydraulic parameters distributions Botros et al., 2009) . Soil texture at the core scale was determined by the hydrometer method (Sheldrick and Wang, 1993) ; soil hydraulic properties were determined using the multi-step outfl ow method (Eching and Hopmans, 1993) ; and fi eld soil water content was determined gravimetrically (Klute, 1986) . Based on texture, color, and cementation encountered in the cores, eight, statistically signifi cant, diff erent stratigraphic units or layers were identifi ed and are hereinaft er referred to as lithofacies (Botros et al., 2009) .
Th e entire vadose zone at the site consists of unconsolidated sediments deposited on a stream-dominated alluvial fan. Textural groups range from clay, clayey paleosol hardpans to a wide range of silt and sand, occasionally coarse sand and highly localized gravel sediments. Lithofacies exhibit vertically varying thicknesses; similar sediment deposits are laterally continuous across the experimental site. Lithofacies units identifi ed here are depicted in Fig. 1 and they include from the ground surface toward the water table: upper Hanford sandy loam (SL1), sand (S1), shallow hardpan (P1), sandy loam unit (SL2), sand (S2), clay/clayey silt/clay loam (C-T-L), lower sandy loam (SL3), and a deep hardpan or paleosol (P2). Geologic formation and sedimentologic description and details on characteristics of each of these lithofacies are found in (Botros et al., 2009 ).
Model Development Governing Equa ons for Flow
Based on the continuum concept and the REV approach, simulation of water fl ow in variably saturated media at the laboratory scale uses the classical Richards equation here written for isotropic three-dimensional fl ow:
where θ is the volumetric water content A number of closed-form formulas have been proposed to empirically describe the dependence of hydraulic functions K(h) and θ(h) on pressure head (Brooks and Corey, 1964; Gardner, 1958; Haverkamp et al., 1977; Russo, 1988) . Here, we use those of Mualem (1976) and van Genuchten (1980) :
where K s denotes the saturated hydraulic conductivity
is called eff ective water saturation (0 ≤ S e ≤ 1), θ s and θ r [−] are the saturated and residual water content, respectively, and α [L −1 ], m(−), and n [−] are empirical parameters dependent on soil type where m = 1 -1/n and l denotes tortuosity/connectivity coeffi cient [−] which is found to have a value of 0.5 from the analysis of a variety of soils (Mualem, 1976) .
Governing Equa ons for Solute Transport
Th e classic advection-dispersion equation for transport is here adopted to account for mixing and spreading of an inert solute during transient simulations:
where C is the local concentration in the soil solution (Scheidegger, 1960) :
Where α L and α T are longitudinal and transverse dispersivities, respectively, v is the magnitude of pore water velocity, δ ij is the Kronecker delta (δ ij = 1 if i = j, and δ ij = 0 otherwise), and D o is molecular diff usion.
HYDRUS (Simunek et al., 1996) was used to numerically simulate the movement of water and nitrate in the unsaturated zone. Th e program solves three-dimensional Richards equation (Eq. [1] ) and the three-dimensional advection-dispersion equation for transport (Eq.
[3]) using Galerkin-type linear fi nite element schemes with the mass conservative iterative scheme proposed by Celia et al. (1990) . Detailed documentation on the soft ware can be found elsewhere (Simunek et al., 1996; Rassam et al., 2003) .
Model Applica on Model Domain and Boundary Condi ons
Most of the soil cores were clustered in three subplots at the fi eld site (Botros et al., 2009) . Lithofacies sequences along an E-W transect of the drilled soil cores were analyzed and were found to be relatively continuous across the site; however, variable lithofacies thicknesses were observed (Fig. 1a) . Th ree of these cores were combined here to build a typical cross-section of the heterogeneous vadose zone profi le at the site (Fig. 1b) and used for our numerical modeling simulations. Th e cross-section has a width of 6.1 m and a depth of 15.8 m (depth to the water table). In three-dimensional models, the model domain is extended in the lateral horizontal direction and domain dimensions were 6.1 by 6.1 by 15.8 m.
For the fl ow problem, atmospheric boundary conditions were assigned to the top of the domain prescribing daily values of water fl uxes including precipitation, irrigation, and evapotranspiration. At the bottom of the domain, a constant pressure of h = 0 cm was imposed, representing the long-term average water table position at 15.8-m depth. For the transport problem, a third type (Cauchy) boundary condition was specifi ed along the upper boundary to defi ne N mass fl ux into the domain through fertilizer applications. Here, we consider all nitrogen to be applied in form of nitrate, not subject to sorption or chemical reactions. A second type (Neumann) boundary condition was prescribed at the bottom boundary, where N mass was directed out of the domain at the water table. Concentration data did not indicate a strong horizontal fl ow regime leading to highly stratifi ed concentrations (no signifi cant vertical trend was observed in the fi eld data). Hence, vertical domain boundaries were assumed to be symmetry boundaries, simulated as zero fl ux boundary conditions for both fl ow and transport simulations.
Precipita on and Irriga on Inputs
Daily values of precipitation from 1990 to 1996 were obtained from a weather station located within 1 km from the site. Th e station (No. 39-Parlier) is managed by the California Irrigation Management Information System (CIMIS) (http://www.water.ca.gov/wateruseeffi ciency/, accessed 2 Oct. 2012). Based on the 7 yr of data, the average annual precipitation is 37 cm. In most years, essentially no precipitation was recorded between May and early October.
Th roughout the experiment, fl ood irrigation, common for many orchards in the project area, was performed usually from April through September. Dates of irrigation events were tabulated for the simulation duration of 1990-1996 (Table 1) . Th e number of annual irrigation applications at the orchard varies from 9 to 17 with an average of 13 irrigations per year. Based on site records, the amount of water applied, at each irrigation application, is an average of 13.44 cm. Irrigation duration is approximately 20 h while irrigation frequency varies between few days to few weeks depending on crop growth stage.
Evapotranspira on
Evapotranspiration (ET) defi nes a combination of two separate processes whereby water is lost from the soil surface by evaporation and from the root zone by crop transpiration. Reference evapotranspiration, ET o , taken as potential ET for a grass (or alfalfa) that does not suff er water stress, was predicted using climatologic data (DWR, 2001) . Reference evapotranspiration is a climatic parameter and computed from weather data including solar radiation, air temperature, air humidity and wind speed. Daily ET o data with grass as the reference crop was readily available from the local CIMIS meteorological station (No. 39-Parlier, Fresno County).
Crop evapotranspiration was calculated through the estimation of the crop coeffi cient, which is dependent on crop characteristics, vegetative growth stage, canopy cover and height as well as soil surface properties (Doorenbos and Pruitt, 1977) . HYDRUS requires evapotranspiration pre-partitioned into two components: evaporation and transpiration. Evaporation is controlled by the water content and hydraulic gradient at the soil surface layer and it is essentially important in the early stages of crop development. Transpiration, on the other hand, is distributed over the root zone and can be limited to plant roots by soil water availability. A dual crop coeffi cient method (Allen et al., 1998) has been used to split evapotranspiration into the two separate components. Annual potential evaporation, averaged over 7 yr, was calculated as 17 cm, which was about 15% of the annual potential evapotranspiration of 111 cm.
Nitrogen Applica on
Nitrogen was always applied to the subplots, during fertilizer application, in the form of ammonium-nitrate. Th e vast majority of ammonium-nitrate was applied during late fall when trees were dormant similar to the practice in orchards of California and of other fruit-growing regions (Weinbaum et al., 1992) . Ammoniumnitrate was expected to be nitrifi ed and converted to nitrate rapidly (Ünlü et al., 1999) . Given our observation horizon of multiple years, initial time needed for N transformations and their eff ects on root N uptake were considered negligible. Dates and amounts of fertilizer applications at the standard and high subplots were tabulated for the simulation period (Table 2 ). In addition to nitrogen applied to the soil during fertilization, nitrogen was also added through irrigation water. Average NO3-N concentration in irrigation water was taken to be 4.0 mg L −1 (Harter et al., 1999) . Th us, each irrigation application supplied approximately 5.4 kg N ha −1 .
Root Zone
Plant water uptake and plant nutrient uptake occur in the plant root zone. Approximately 90% of the tree roots in the nectarine orchard occur within the uppermost 1.8 m . Th us, an average of 1.8 m was used to represent the depth of the tree root zone.
Plant Water Uptake
In our application, the sink term, S w in Eq.
[1] represents the volume of water removed per unit time from a unit volume of soil due to plant water uptake. Feddes et al. (1978) defi ned S w as
where the water stress response function γ(h) is a prescribed dimensionless function of the soil water pressure head (0 ≤ γ ≤ 1), and S p is the potential water uptake rate [T −1 ] and is calculated as T p /L z where T p [L T −1 ] is the transpiration obtained from partitioning ET data and L z is the depth of root zone (1.8 m in this case).
Plant Nitrogen Uptake
Th ere are two major mechanisms involved in the nutrient uptake by plants: active uptake and passive uptake (Hopmans and Bristow, 2002) . Th e passive nutrient uptake represents the mass fl ow of nutrient into roots with water while active nutrient uptake represents the movement of nutrients into the roots induced by other mechanisms than mass flow (Simunek and Hopmans, 2009 ). Active uptake dominates in the low supply concentration range, while passive uptake and diff usion across the membrane becomes more important in the high concentration range (Hopmans and Bristow, 2002) . In this experiment, nitrate was always abundant for plants and the majority of nutrient uptake is expected to occur through passive uptake. Th is approach has been applied in practice to account for plant uptake of nutrients in other numerical models (e.g., Vogeler et al., 2001 ). 
Ini al Condi ons
Initial distribution of water content or pressure head at the site was not readily available. We established a pressure profi le between the ground surface and the water table by applying the analytical method proposed by Rockhold et al. (1997) and as was presented previously in Onsoy (2005) . Th is method solves the Richards equation for one-dimensional, heterogeneous layered systems under a steady state fl ux at the ground surface. We applied the method to our fl ow domain composed of eight horizontal layers. Boundaries of these layers were defi ned based on the average thicknesses of lithofacies identifi ed at the fi eld. Steady state fl ux was estimated as 0.23 cm d −1 from long-term (14 yr) records of site precipitation, evapotranspiration, and average annual irrigation. Th e pressure profi le varies within the layers as a function of the soil hydraulic properties of each layer (Fig. 2) .
Unsaturated Soil Hydraulic Proper es
Th e extensive deep vadose zone sampling campaign at the site provides one of only a few extensive datasets available to date, to the best of our knowledge, for evaluating a model with a more refi ned characterization of the subsurface heterogeneity. In an attempt to better simulate the subsurface geology and the corresponding soil hydraulic properties, six numerical models were developed to simulate transient fl ow and nitrate transport through the 15.8-m thick vadose zone in which three of these models were two-dimensional and the other three were three-dimensional. In these numerical models, three conceptual modeling approaches were used to represent three diff erent levels in simulated heterogeneity complexity: (i) a homogenous lithofacies model (HM-2D and HM-3D) representing large scale heterogeneity only, (ii) a heterogeneous lithofacies model with spatially variable scaling factors (HetSF-2D and HetSF-3D), and (iii) a heterogeneous lithofacies model with spatially variable van Genuchten (VG) parameters (HetVG-2D, and HetVG-3D). Th e latter four of the six conceptual models represent both large-scale and small-scale heterogeneity, or in other words a lithofacies-scale heterogeneity (a few meters in thickness and tens of meters in lateral extent) and local-scale heterogeneity (a few centimeters in thickness and a few decimeters in width). Th e six models were used to determine the dependence of the nonuniformity of fl ow and nitrogen content in the deep vadose zone on the dimensionality and level of heterogeneity represented in the model. In all two-dimensional models, the longitudinal dispersivity (α L ) was assumed to be 10 cm and the transverse dispersivity (α T ) was assumed to be 1 cm. In three-dimensional models, and due to larger domain discretization, α L and α T were set to 20 cm and 2 cm, respectively.
Homogeneous Lithofacies Model (HM)
As the vadose zone was composed of distinct layers (Fig. 1) , the assumption of relative homogeneity of soil hydraulic properties for each layer is a common practice to delineate diff erent layers of soil texture, in unsaturated fl ow and transport problems (Hills et al., 1991; Roth et al., 1991; Nimmo et al., 2002; Zhu and Mohanty, 2002) . Th e HM model conceptualizes each lithofacies of the eight main lithofacies as a homogenous unit with soil hydraulic parameters defi ned using the van Genuchten model and treated as constant deterministic values within each lithofacies. Mean VG parameters of each lithofacies can be found in Botros et al. (2009) and boundaries of each lithofacies are shown in Fig. 1b . Th is model only considers between-lithofacies or large-scale heterogeneity while within-lithofacies or small-scale heterogeneity is neglected. In the three-dimensional models and due to the lack of information in the N-S transect, layer boundaries in the N-S direction were assumed to be oriented strictly horizontal.
Heterogeneous Lithofacies using Scaling Factors
In contrast to the HM approach, small scale variability was taken into account in the HetSF approach through scaling analysis. Scaling is a technique used to simplify the analysis of hydraulic parameter datasets in heterogeneous unsaturated sediments. It is based on the concept that the various hydraulic parameters, e.g., K s , α, n, θ s , θ r , are all related to the pore size distribution and pore geometry (Miller and Miller, 1956) . As the pore geometry varies with the type of sediment, the various hydraulic parameters vary accordingly. Th e scaling factor (λ) is a measure of that change in pore geometry. It relates the actual hydraulic function derived for a sample to the scaled hydraulic function. Scaling factors were obtained from hydraulic analysis of 120 soil core samples from 19 soil cores drilled to 16 m (Botros et al., 2009) . Scaling factors were found to follow a lognormal distribution which was consistent with other studies (Warrick et al., 1977; Rao and Wagenet, 1985; Vachaud et al., 1988; Hopmans et al., 1988; Tseng and Jury, 1994; Braud et al., 1995) . Th e mean value of ln (λ) was found to be −1.28 and the standard deviation of ln (λ) was 1.07. Previously, only a few studies analyzed scaling factors with geostatistical tools (Jury et al., 1987; Russo, 1991; Zavattaro et al., 1999) . In this study, geostatistical analysis of scaling factors was implemented. Lithofacies boundaries were considered geostatistical discontinuities and no spatial correlation was assumed across lithofacies boundaries. Horizontal and vertical semivariograms were constructed and fi tted to spherical covariance function. Th e horizontal and vertical spherical semivariograms constructed for scaling factors were used to defi ne the degree of spatial variability. Scaling factors in both horizontal and vertical directions did not exhibit strong spatial continuity. Th e vertical semivariogram showed a spatial continuity with a range of 1.5 m which is close to the average lithofacies thickness while the horizontal semivariogram did not show much spatial continuity and was assumed to have a range of half the sampling interval (coincidentally also 1.5 m).
Statistical and geostatistical analysis were used to generate a random fi eld of scaling factors to be used in our numerical simulations (Fig. 3) . Consistent with the lithofacies textures (Botros et al., 2009) , high values of scaling factors coincided within the coarsetextured materials (S1 and S2), whereas low values were generated within other lithofacies that all have relatively fi ne texture. Spatial continuity in the E-W direction was also used to extend the generated random fi eld in the N-S direction for the sake of generating a random fi eld realization to be used in the three-dimensional model simulation (Fig. 3) .
Heterogeneous Lithofacies using van Genuchten Parameters (HetVG) Oliveira et al. (2006) demonstrated in principle that when hydraulic parameters are all related to each other through a single variable, such as scaling factors, the resulting unsaturated fl ow and transport variability is significantly underestimated. We therefore also implemented the HetVG approach, which, like the HetSF approach, takes into account small-scale heterogeneity in addition to the large-scale heterogeneity. In the HetVG approach, however, separate random fi elds of K s , α, and n were generated based on statistical and geostatistical analysis of hydraulic parameters data (Botros et al., 2009) . Much larger horizontal continuity than vertical continuity can be observed for all parameters in the twodimensional and three-dimensional simulation domains (Fig. 4) . Within-lithofacies variability of θ r and θ s was found to be small and was therefore neglected.
Space and Time Discre za on
For two-dimensional simulations using the HM and HetSF approaches, the domain was discretized into square cells with dimensions Δx = Δz ≈15 cm. In the HetVG approach, and because of high nonlinearity in the parameter values associated with this approach, the domain was discretized through cells with dimensions Δx = Δz = 10 cm. In the three-dimensional simulations, all model conceptualization domains were discretized into cells with dimensions Δx = Δy = Δz ≈ 30 cm. All simulations ran for 7 yr (from 1 Jan. 1990 through 31 Dec. 1996). During the simulations, time step size Δt was automatically controlled according to the convergence history (e.g., the maximum change in pressure head and water content during each time step).
Results
A relative water mass balance error of less than 2% was achieved in all model runs. Among the simulations, the heterogeneous lithofacies models (i.e., HetSF and HetVG) were computationally more expensive and produced slightly higher mass balance errors than the homogeneous lithofacies model. HM-2D ran in approximately 45 min on a dual-core processor at 2.66 GHz with 3.25GB of RAM. CPU times for simulating HM-3D, HetSF-2D, HetSF-3D, HetVG-2D, and HetVG-3D were 1.5, 2, 8, 10, and 50 times longer, respectively.
Nitrogen mass balance errors at the standard and high subplots fl uctuated from near zero to 2% during the fi rst 4 yr and reached a stable condition of approximately 0.2% in the HM and 0.5% in HetSF and HetVG during the latter years of simulation. Peclet number (P e ) and Courant number (C r ) criteria were used to control numerical oscillations and numerical dispersion during simulations. A commonly accepted stability criterion of P e C r ≤ 2 was fulfi lled throughout the simulation period (Simunek et al., 1996) in all simulation runs. Only slight diff erences were observed between the HM-2D and HM-3D approaches. Th is is expected due to the fact that these two simulations are conceptually identical with HM-3D being merely a lateral extrusion of HM-2D.
Plant Water and Nitrogen Uptake
In all models, simulated transpiration is smaller than the prescribed potential transpiration. Th e reduction is the result of limited root zone water availability for tree water uptake. Simulated transpiration at the end of the 7-yr period in the two-dimensional simulations ranges from 94 to 99% of potential transpiration suggesting that water is mostly available for plants (Fig. 5 ).
Plant N uptake estimated by all models agree well with each other, suggesting that model dimensionality and root zone heterogeneity have limited eff ect on simulated plant N uptake. HetVG-2D results in slightly lower uptake and HetVG-3D results in slightly higher uptake than other simulations. In contrast, the eff ect of fertilizer treatment is signifi cant. Total N uptake estimated by the end of the simulation period at the standard subplot is much less than the uptake amount at the high subplot (Fig. 6) . At the standard subplot, average annual plant N uptake, estimated by all models, is 69 kg N ha −1 . At the high subplot, average annual N uptake value is 113 kg N ha −1 . Th ese model estimates are reasonably close to the 7-yr average annual measured plant N uptake of 77 kg N ha −1 and 98 kg N ha −1 at the standard and high subplots, respectively .
Water and Nitrogen Flux at the Water Table
Water fl ux to the water table diff ered substantially between the six simulations at the beginning of the simulation (Fig. 7) . Th ese diff erences are believed to be a result of the simplifi cations implied in the initial conditions. Aft er the fi rst simulation year, diff erences in water fl ux to the water table between all models became negligibly small, at least at the seasonally and annually compounded scale (Fig. 7) . In all models, gravity drainage throughout the unsaturated zone dominated the unsaturated fl ow. Driven by the highly transient surface fl uxes, water fl ux at nearly 16-m depth (water table) is found to be also subject to temporally highly variable fl ow rates with seasonal and annual variations throughout the vadose zone despite its 14-m thickness below root zone. Each year, water fl ux peaks during the middle of summer, only a few months aft er the beginning of the irrigation season and starts declining with increasing water loss at the surface from evapotranspiration. Averaged across all models, annual peak fl uxes vary from 0.36 cm d −1 in 1996 (with nine irrigations) to 1.5 cm d −1 in 1992 (with 17 irrigations).
Similar to water fl uxes, cumulative N fl uxes at the water table show only minor variations between the diff erent models, except for the HetVG-3D simulation which has signifi cantly lower N fl ux to the water table than other simulations, partly due to the higher N uptake in the root zone (Fig. 8) .
Despite the diff erences in absolute N fl ux, the temporal dynamics of the N fl ux, such as timing of the onset of N-leaching at the water table and subsequent seasonal variations in N fl ux at the water table, are almost identical between simulations. Results vary signifi cantly between fertilizer treatments (Fig. 8) . At the end of (1990) (1991) (1992) (1993) (1994) (1995) (1996) in all models. Fig. 6 . Cumulative plant N uptake simulated at the standard and high subplots during the simulation period (1990) (1991) (1992) (1993) (1994) (1995) (1996) in all models. the simulation, cumulative N fl ux at the water table of the high subplot is nearly three times that of the standard subplot.
Neither the fertilizer applications (standard or high) nor the model type (HM, HetSF, or HetVG), or the model dimensionality (twodimensional or three-dimensional) showed a signifi cant eff ect on the mean residence time of N in the vadose zone. Th is can be attributed to the strong uneven layering eff ect relative to the infl uence of local-scale heterogeneity. Similar results have been reported by Pan et al. (2009) who studied both layer-scale heterogeneity and local-scale heterogeneity in the unsaturated zone of Yucca Mountain, Nevada, and found that mean predictions were only slightly aff ected by the local-scale heterogeneity. According to Pan et al. (2009) , more variability of fi rst arrival at the water table was expected to be observed between simulations, as it is thought to be more signifi cantly controlled by local scale heterogenity. In all our simulations, fi rst arrival occurred approximately 3 yr aft er the beginning of the simulation. Th e discrepancy between the results of our simulations and those of Pan et al. (2009) is due to the fact that, in our experiment, N fl uxes were mainly driven by the magnitude of irrigation fl uxes prescribed at the surface and the large irrigation ineffi ciency at the site consistent with fi ndings in other fi eld experiments (e.g., Biggar and Nielsen, 1978; Wagenet and Hutson, 1989; Troiano et al., 1993) . Th is underscores the importance of budgeting irrigation water in irrigated agriculture to mitigate downward movement of surface applied agrochemicals.
Pore Water Velocity Distribu on in the Deep Vadose Zone
Th e geometric mean water velocity (Fig. 9) was calculated by taking an average on the log-10 transform of the pore water velocity in all model cells in the deep vadose zone (i.e., excluding the root zone). Th e geometric mean water velocity, while of measurably diff erent magnitude between simulations, is mostly driven by the transient water fl ux out of the root zone. During the irrigation season, the mean velocity in all models is signifi cantly larger than that between irrigation seasons. For the two-dimensional simulations, mean velocity and its variations in time are in good agreement between the three diff erent models. Lower geometric mean velocities are observed with increasing (local) heterogeneity representation in the three-dimensional models, but temporal dynamics are very similar. Relative to the large seasonal fl uctuations of velocity, diff erences in mean velocity between models are nearly negligible. Th is is consistent with the similarity in observed nitrate arrival times between the models. Th is further underscores the importance of large-scale (between lithofacies) heterogeneity over small-scale (within-lithofacies) heterogeneity on the fi eld scale transport (Pan et al., 2009 ).
Back-transformed standard deviation of the log-10 transformed vertical pore water velocity are lowest in the homogeneous facies model, higher for the HetSF model, and highest for the HetVG model (Fig. 10) . Th e latter two models yield signifi cantly higher variability in the three-dimensional velocity field than the (1990) (1991) (1992) (1993) (1994) (1995) (1996) in the homogeneous and heterogeneous lithofacies models. two-dimensional velocity fi eld. Seasonally, however, velocity variability remains relatively high at all times for the HetVF-3D model, while showing large seasonal fl uctuation in the two-dimensional models and especially in the homogeneous facies (HM) model. In HetVG-3D, small-scale heterogeneity is the largest which is known to signifi cantly contribute to the velocity standard deviation (e.g., Pan et al., 2009 ).
With depth, velocities exhibit lithofacies-dependent means, but not a strong vertical trend, slightly decreasing for the arithmetic mean, slightly inceasing for the geometric mean (e.g., in HetVG-2D, the 7-yr geometric mean for SL1, S1, P1, SL2, C-T-L, SL3, and P2 is 0.20, 0.14, 0.30, 0.43, 0.51, 0.37, 0.66, and 0.63 cm d −1 , respectively). Lithofacies-dependent standard deviation of both velocity and log-10 transformed velocity also varies strongly by lithofacies, superimposed by some attenuation of variability with depth (for HetVG-2D, 7-yr back-transformed standard deviation of log-transformed velocity for SL1, S1, P1, SL2, C-T-L, SL3, and P2 is 3.6, 3.9, 2.0, 2.1, 3.2, 3.3, 2.4, and 1.5 cm/d, respectively).
Despite the similarity between the models in geometric mean velocity and in the magnitude of the velocity variations across the entire deep vadose zone, the patterns of the spatial velocity fi eld distributions diff er remarkably between the models. Smooth large-scale variations are observed in the HM model, while the visually most heterogeneous fl ux fi elds, with high tortuositylarge variations over short distances-occur in the heterogeneous three-dimensional models, especially the HetVG-3D models (Fig.  11) , even suggesting preferential fl ow paths. Also, the HetVG-3D model exhibited strong relative variations across the velocity fi eld during both low fl ow winter season and high fl ow summer season. In all models, existence of inclined layer boundaries between two adjacent layers and high hydraulic property contrast has signifi cant impact on directing the fl ow. Th is is most pronounced in the HM model at the interface between SL2, a fi ne-textured layer, and S2, a coarse-textured layer, where a high velocity region is created at the boundaries between these two layers. Inclined layering has been shown to cause potential preferential fl ow paths (Kung, 1993) .
In heterogeneous unsaturated media, fl owpaths may signifi cantly change between relatively dry drainage conditions and relatively wet infi ltration conditions. Under wet conditions, coarse-textured regions provide the most conductive pathways, while, under drier conditions, fi ner-textured materials retain moisture and are relatively more permeable than coarse-textured, rapidly draining materials (Roth, 1995; Harter and Yeh, 1998) . Comparison of fl ow regimes near the end of a very dry, non-irrigated period (January 1994) with the fl ow regime during a wet, irrigated period (July 1994) shows signifi cant diff erences in the magnitude of the velocity fi eld. However, at both (simulation) times, relatively higher velocity occur at the same lateral locations in the simulation domain. Th is suggests that, while signifi cant drainage and drying occurs over the winter, the fl ow regime at this site does not change its relative position within the heterogeneous system at this alluvial site, given the frequent irrigations during the summer (Fig. 11) . 
Nitrogen Concentra on Distribu on in the Deep Vadose Zone
Despite the visually much higher variability in the pore water velocity distribution in the models with local heterogeneities (Fig. 10 and  11) , the average concentration-like the average pore velocity-did not show signifi cant diff erences between the models. Lithofacies and depth have the most signifi cantly control in all models (Fig. 12) . Concentrations in shallow layers showed seasonal concentration diff erences between summer and winter seasons in response to seasonal nitrate and water releases from the root zone. However these diff erences diminished in deeper layers (Fig. 12) .
Th e distribution of the simulated concentration across model cells below the root zone at the end of the simulation was found to be nearly log-normal distributed. In the HetVG-2D model, the maximum and minimum concentrations were approximately 42 mg L −1 and 3.9 mg L −1 , respectively, with more than half of all model cell concentrations between 9 mg L −1 and 12 mg L −1 . Th e log-normal distribution of the concentration is consistent with fi eld measurements (Table 1 of Onsoy et al., 2005) . However, in the fi eld dataset, mean log nitrate concentrations is only about half of that simulated here. On the other hand, the average variance of the fi eld nitrate samples (not including non-detects) is six times larger than in any of the model simulations. Importantly, nearly one-third of measured soil samples had nitrate concentrations below the detection limit (0.02 mg L −1 ), while the simulations did not yield any concentration less than 3 mg L −1 at the end of the simulation period. Figure 13 shows concentration distribution in all six models on 1 Jul. 1994, during the middle of irrigation season. Th ree major plumes corresponding to the three latest fertilization applications can be observed in the soil profi le of all models. Nitrogen concentrations in HetSF and HetVG models exhibit signifi cantly more longitudinal spreading than the HM model results. Th e highly non-uniform leading edge of N plumes indicates large variability in downward advances across the profi le. Diff erences can be observed between concentration distribution in the two-dimensional and the three-dimensional simulations.
Total Nitrogen Mass in the Deep Vadose Zone
From 1990 to 1993, N mass in the deep vadose zone continues to increase at each subplot, resulting in a net accumulation of approximately 300 kg N ha −1 at the standard subplot and 800 kg N ha −1 at the high subplot. Starting in mid-1993, total N mass in the deep vadose zone remains relatively constant at the standard subplot with small annual fl uctuations (Fig. 14) . In the two-dimensional models, simulated total N mass in the deep vadose zone in the standard subplot aft er 7 yr of nitrogen management is 248 kg N ha −1 , 262 kg N ha −1 , and 268 kg N ha −1 for the HM, HetSF, and HetVG, respectively. Corresponding stored N mass for the high subplot are 534 kg N ha −1 , 565 kg N ha −1 , and 580 kg N ha −1 . For the three-dimensional models, corresponding values are 243 kg N ha −1 , 256 kg N ha −1 , and 287 kg N ha −1 for the standard subplot and 539 kg N ha −1 , 554 kg N ha −1 , and 614 kg N ha −1 for the high subplot. Neither the diff erent modeling approaches nor the diff erent model dimensionality explained the low N storage in the deep vadose zone observed in the fi eld, which Onsoy et al. (2005) estimated to be 36 kg N ha −1 and 87 kg N ha −1 for the standard and high subplots, respectively.
Discussion

Numerical Modeling vs. Root Zone Mass Balance Approach
Th e root zone mass balance approach coupled with the plug fl ow assumption (Martin et al., 1991) is a most parsimonious model to predict mass transfer to groundwater. It assumes steady state fl ow in a one-dimensional representation of the vadose zone. Applying this simple concept to our fi eld site (average annual deep percolation: 110 cm per year; average moisture content: 25%, Onsoy et al., 2005) , estimated residence time of nitrate in the 14-m deep vadose zone is approximately 3.2 yr, similar to that estimated by the numerical two-dimensional and three-dimensional models Fig. 1 ). Top layer (SL1) was not plotted since most of it lies within root zone and it is more infl uenced by N uptake of roots.
that include lithofacies and local heterogeneity. Th e root zone mass balance approach yields a total N mass in the deep vadose of 261 kg N ha −1 for the standard subplot and 478 kg N ha −1 for the high subplot. Th is is also largely consistent with the numerical modeling results.
Th e geologically and texturally highly variable vadose zone, when represented in numerical models, induces strongly heterogeneous fl ow patterns within the vadose zone (Fig. 11, 13) as shown previously in many theoretical studies (e.g., Hopmans et al., 1988; Ünlü et al., 1990; Kung, 1993; Russo, 1991; Roth and Hammel, 1996) . When comparing simulated concentration profi les from single solute injection events (e.g., Russo, 1991, Harter and Roth and Hammel, 1996) to those in our simulations with repeated solute applications (Fig. 13) , the variability in solute fl ux and concentration is in qualitative agreement across various conceptual and numerical simulation methods that include representation of local-scale sediment heterogeneity.
Th e simulated patterns of the nitrate distribution for the HetSF and HetVG models of the deep vadose zone are qualitatively in striking similarity to those inferred from fi eld site data (compare Fig. 13 with Fig. 9 in Onsoy et al., 2005) . Th e relative concentration distribution produced by these four models (but not by the HM model) is also consistent with the measured fi eld nitrate correlation lengths of less than 1 m horizontally and several meters vertically (see Fig. 8 in Onsoy et al., 2005) .
Despite these similarities in concentration patterns between HetSF, HetVG, and the fi eld site, the variability in downward velocity across the heterogeneous soil profile (Fig. 11) is not sufficient to signifi cantly alter the strong control that large, transient but cyclical root zone water losses (net recharge rate) and nitrate leaching have on water table nitrate fl ux below this thick unsaturated zone. For non-reactive solute transport under near-cyclical steady state loading, the fi eld scale, long-term average water table fl ux of nitrate appears, in fact, to be well approximated by simple mass balance and plug fl ow, which gives similar travel times and mass fl ux to the more complex, heterogeneous numerically-based models, even if it is a conceptually radical oversimplifi cation of the type of nitrate distribution found in the deep vadose zone at our fi eld site.
Two-dimensional vs. ThreeDimensional Simula on Domains
In the numerical simulations, the extension of the model dimensionality into the third dimension did not prove to have much eff ect on model predictions of long-term nitrate losses to groundwater and their timing, except for the HetVG-3D simulation which has noticeable higher N uptake (Fig. 6 ) and lower N fl ux to the water table (Fig. 8) than corresponding two-dimensional simulations. Th ese diff erences are thought to stem from the higher complexity of three-dimensional porous media, which moves more nitrate into lower permeable zones in the root zone than would be the case in two-dimensional porous media. Th is increases the incidence of N uptake and decreases cumulative N mass reaching the water table over time.
Measured vs. Simulated Deep Vadose Zone Nitrogen Mass
Both, the plug fl ow approach (coupled with the root zone mass balance) and the heterogeneous numerical models fail to characterize fi eld observations in two important aspects. First, all estimates severely overestimate the measured N mass in the deep vadose zone. For the highly heterogeneous geology of the alluvial sediments observed at the orchard site , neither uniform plug fl ow in the deep vadose zone, nor the heterogeneous models provide an adequate conceptual framework for explaining the observed fate of nitrate in the nearly 16-m deep vadose zone.
Second, not even the most heterogeneous (HetVG-3D) of the six models provide an adequate prediction of the total nitrate variance observed at the fi eld site , despite the fact that the large degree of physical hydraulic heterogeneity measured in the fi eld was directly incorporated into these numerical models.
Th e low N mass encountered at the fi eld site could be due to significant denitrifi cation. However, fi eld data indicate that nitrate and nitrate-15 N isotope concentration profi les, while variable, show no measurable trend along the vertical profi le Harter et al., 2005) . Denitrifi cation losses in the root zone may reduce total annual nitrate loading to below the root zone by 5 to 15%, given fi eld studies under similar climate, soil, and moisture conditions . Th e low N mass encountered in the deep vadose zone at the site (~13-17% of simulated) is therefore largely attributed to rapid or preferential fl ow conditions. Accordingly, these are thought to transport nitrate ~6-8 times faster, with a corresponding decrease in travel time and mass stored in the vadose zone, at any given time.
Close examination of the site's subsurface texture strongly suggested that wetting front instability (de Rooij, 2000) was present at the site, at least in some lithofacies. Wetting front instability creates unstable, preferential fl ows in a variety of settings in both uniform (Glass et al., 1991; Wang et al., 1998 , Wang et al., 2003a and layered soil systems (Flury et al., 1994; Steenhuis et al., 1998; Wang et al., 2003b) . Furthermore, extrinsic factors such as irrigation management and fertilizer applications were found to contribute much to variability in water fl uxes and nitrate concentrations (Böhlke, 2002) . Near the surface, water repellency of the sandy loam is conducive to preferential fl ow into the subsoil as demonstrated by Wang et al. (2003b) . Ritsema et al. (1998) estimated that more than 80% of infi ltrating water during a rain storm event was transported in preferential fl ow paths through a water repellent soil to the deep subsoil. Furthermore, most of non-detect nitrate samples occurred in a thick sand facies at 7-to 10-m depth, at locations with high saturated hydraulic conductivity and small air-entry pressure, and therefore conducive to preferential fl ow (Wang et al., 2004) .
Of particular concern is the fact, that the models, despite strongly varying velocity fi elds, were unable to reproduce actual fi eld nitrate variability in the range of 0.02 mg L −1 (fi eld detection limit) to 3.9 mg L −1 (lowest simulated concentration in 1997, corresponding to the time of the fi eld sampling campaign). However, low concentrations contrasts in the simulations are to be expected physically:
First and most importantly, simulated velocity contrasts are not suffi ciently high to shield signifi cant portions of the deep vadose zone from signifi cant downward fl ow during the summer irrigation season. Relatively large sections of the fl ow domain experience downward velocities of at least 2 cm d −1 for some portion of the season (Fig. 11) ; thus, allowing for widespread penetration of frequent nitrate pulses. Th e fastest simulated fl ow paths appear to be spaced from one to a few meters apart, with a typical width corresponding to the fi nite diff erence cell width (20-30 cm) or slightly larger. Th e resulting patches of high nitrate concentration at depth are spaced apart similarly. Th is is consistent with fi eld observations yielding nitrate semi-variograms with horizontal correlation lengths of 1 m or less .
Second, over a period of fi ve to 10 yr (the orchard was 22-yr-old at the time of sampling), diff usion of nitrate (D = 1.7 10 −9 m 2 s −1 , Picioreanu et al., 1997) within a continuous water phase increases the concentration at 1 m distance from a constant concentration boundary, to 17-34% of the boundary concentration. Here, the boundary could be a high fl ow path with frequently high nitrate concentrations. Physically, we would therefore expect the longterm cyclical boundary conditions of this experiment to work against large nitrate contrasts to persist in time, even in the deep vadose zone (under the site-specifi c high recharge conditions). In the simulations, numerical transverse dispersion of the fi nite diff erence model is signifi cantly higher than the natural nitrate diff usion rate considered above, thus further dampening simulated concentration contrasts.
Hence, besides the presence of preferential flow paths, partly achieved by the HetSF and HetVG models, comparison of fi eld results with our physical models infers that signifi cant barriers exist to transverse dispersion and diff usion into regions with very low (or no) fl ow. Rimon et al. (2011) provided signifi cant fi eld evidence supporting the concept of a dual domain fl ow and transport system in soils, with no signifi cant diff usion between the two domains.
Dividing the pore space of the unsaturated zone conceptually into an isolated immobile domain and mobile domain provides a parsimonious model representation of preferential or dual domain fl ow within the context of our observed heterogeneity and conceptual models described above. Th e eff ective nitrate travel time through the entire deep vadose zone within the remaining mobile domain is about 6 mo. Th is is consistent with qualitative observations of rapid rewetting to about 10-m depth within 14 d of an irrigation that occurred during the core drilling process. Th e signifi cant size of the eff ectively immobile domain would explain the signifi cant proportion of measured low concentrations. Th e much higher concentration variability observed in the fi eld, when compared to the simulated concentrations, suggests that the eff ectively immobile space is distributed non-uniformly throughout the vadose zone at lengthscales as large as the fi eld sample spacing (decimeters to meters, see Fig. 9 in Onsoy et al., 2005) rather than only at length scales comparable to pore size (e.g., Rimon et al., 2011) . However, further fi eld research is needed to directly measure and characterize such immobile regions or regions of inactive nitrate transport.
Conclusions
Th is study provides multiple detailed, multi-year transient simulation results of nitrate transport in a deep vadose zone using and comparing several complex vadose zone models that represent variability using key conceptual approaches for fl ow and transport in the unsaturated zone that have been developed over the past three decades. Th e work is based on the Kearney fi eld site, which off ers a rich database for detailed geologic, hydraulic, and chemical characterization of the deep vadose zone stratigraphy that is typical for alluvial sediments in the eastern San Joaquin Valley, California. Th e site database provides a foundation for the development and validation of alternative modeling tools to assess the potential for nitrate leaching to groundwater in the presence of a deep, heterogeneous vadose zone at the site.
Th e set of modeling tools conceptually represents recent advances in stochastic modeling approaches. Both, the simple root zone mass balance model and the two-dimensional and three-dimensional numerical models used in this study are found limited in their ability to predict the low total nitrate mass measured in the deep vadose zone or the large variability of nitrate observed in the deep vadose zone at the fi eld site. One possible explanation for the discrepancy is that highly non-uniform conditions control fl ow and nitrate transport at the Kearney site. Yet, within the framework of Richards fl ow equation and the advection-dispersion equation, and despite applying highly heterogeneous parameters, we fi nd that diff usive water fl ow and solute dispersion, and the strong mass fl ux control at the upper boundary counterbalance the high heterogeneity of the soil and the resulting highly variable fl ux fi eld in the simulated advective transport of nitrate. Our hypothesis that a full accounting of small scale heterogeneity in the simulation of fl ow based on the Richards equation would explain the low nitrogen mass stored in the vadose zone has been disproven. Th is is consistent with de Rooij (2000), Simunek et al. (2003) , and Gärdenäs et al. (2006) who showed that Richards equation may be an inadequate model as it generally leads to relatively uniform fl ow and transport behavior, especially at fi eld sites with repeated solute applications.
Incorporating other conceptual models such as dual porosity or mobile-immobile fl ow domains may be necessary to account for strong non-equilibrium non-uniform fl ow and transport not properly captured by the constitutive equations used here. Our fi eld measurements provide suffi cient evidence to support use of these types of models. However, additional fi eld work will be needed to confi rm the appropriateness of such modeling approaches.
Other conceptual elements that require more fi eld data before further model development include spatially variable denitrifi cation, e.g., high denitrifi cation rates in stagnant zones of water fl ow but not in preferential fl ow paths (similar to, for example, the concepts proposed by Tartakovsky et al., 2008) . Sampled data show no signifi cant increase of nitrate-15 N isotope concentration with depth, which would be indicative of deep vadose zone denitrifi cation. However, this does not rule out the existence of high denitrifi cation rates in stagnant zones that do not contribute to increased nitrate-15 N isotope concentrations in the mobile fl ow zone with increasing depth due to complete denitrifi cation.
Regardless of shortcomings in explaining the low nitrogen mass in deep vadose zone, this study further confi rms and illustrates some important fi ndings:
• Th e transient behavior of precipitation, irrigation, and evapotranspiration at the land surface aff ects not only the root zone, but rapidly aff ects moisture and water fl ux throughout a 16-m thick unsaturated zone. All of these are shown to be highly transient, even at the water table, under the irrigated, semiarid conditions investigated here and typical for agricultural regions in semiarid climates.
• Low irrigation effi ciencies (on the order of 45-65%) contribute not only to signifi cant leaching of fertilizer, but also to rapid transport of nitrate to groundwater. At the fi eld site, irrigated at relatively low irrigation effi ciencies, the travel time to groundwater through the 16-m thick vadose zone is predicted (based on the three models) to be as short as 2.5-3.5 yr and, aft er taking into account potential preferential fl ow, may be as short as a few months. By the same token, higher irrigation effi ciencies would result in signifi cantly longer travel times.
• In situations where the Richards equation is to be used under strong infi ltration conditions using relatively large numerical grid blocks, results show relatively uniform fl ow and transport behavior at the fi eld scale, regardless of the level of heterogeneity incorporated.
• Under irrigated conditions with low irrigation effi ciency (or under conditions of frequent rainfall) and repeated solute applications, the fi eld scale simulation of solute mass transfer through deep, heterogeneous unsaturated zones with complex stochastic methods representing high local scale heterogeneity will yield results that are, practically speaking, not unlike those from simple mass balance and a plug fl ow conceptualization.
Future work needs to further explore mechanisms responsible for generating the highly heterogeneous, yet relatively low mass nitrate concentration profi le found at the investigated fi eld site; and similar detailed characterization work of deep vadose zones at other fi eld sites is needed to further confi rm or reject the hypothesis that these conditions are potentially wide-spread in unconsolidated sedimentary, deep vadose zones.
